Abstract. The Cluster spacecraft have returned the first simultaneous four-point measurements of the magnetosheath. We present an analysis of data recorded on 10 November 2000, when the four spacecrafts observed an interval of strong mirror-like activity. Correlation analysis between spacecraft pairs is used to examine the scale size of the mirror structures in three dimensions. Two examples are presented which suggest that the scale size of mirror structures is ∼ 1500-3000 km along the flow direction, and shortest along the magnetopause normal (< 600 km), which, in this case, is approximately perpendicular to both the mean magnetic field and the magnetosheath flow vector. Variations on scales of ∼ 750-1000 km are found along the maximum variance direction. The level of correlation in this direction, however, and the time lag observed, are found to be variable. These first results suggest that variations occur on scales of the order of the spacecraft separation (∼ 1000 km) in at least two directions, but analysis of further examples and a statistical survey of structures observed with different magnetic field orientations and tetrahedral configurations will enable us to describe more fully the size and orientation of mirror structures.
Introduction
Magnetosheath waves have previously been studied using both single (e.g. Anderson et al., 1994; Lacombe et al., 1995; Lucek et al., 1999) and more rarely dual spacecraft data (Tsurutani et al., 1982; Fazakerley and Southwood, 1994a,b; Hubert et al., 1998; Tátrallyay and Erdös, 2000) .With the launch of the four Cluster satellites in 2000, simultaneous four-point measurements are available for the first time, which, in principle, allow us to examine the scale and motion of waves in three dimensions. In this paper, we concentrate on one type
Correspondence to: E.A. Lucek (e.lucek@ic.ac.uk) of magnetosheath signature that is consistent with mirrormode structures, and draw examples from magnetic field data recorded by the four Cluster fluxgate magnetometers (FGM) , this issue) on 10 November 2000, when the Cluster spacecraft made extensive measurements in the sheath. At this time, orbital apogee was situated at 19:15 LT in the dusk side magnetosheath, and at this position the Cluster spacecraft spent several hours in the magnetosheath. We present the first results of a study to calculate the scale size of these mirror-like structures in three dimensions. Further studies will draw on other datasets, in particular plasma density and temperature measurements for the confirmation of mirror mode identification, as well as extending the analysis presented here.
Mirror structures are strongly compressive, nonpropagating magnetic field fluctuations in which the magnetic field magnitude is anti-correlated with plasma density. They are linearly polarised with a maximum variance direction which typically lies at about 10-20 • to the mean magnetic field direction (Erdös and Balogh, 1996) , but can reach an angle of ∼ 40 • to the magnetic field under conditions of high temperature anisotropy (e.g Price et al., 1986; Schwartz, 1998) . Studies of long intervals of well developed mirror-like activity, observed by ISEE 1 and 2 (Hubert et al., 1998) , and by Equator-S in the dawn side magnetosheath (Lucek et al., 1999) , also demonstrated that the maximum variance direction is closely aligned with the magnetopause boundary, at least in the region close to the magnetopause. Near noon, mirror structures are often separated from the magnetopause by a region populated by electromagnetic ion cyclotron (EMIC) waves, which are associated with a region of plasma density depletion and high temperature anisotropy (T ⊥ /T || ) (Anderson et al., 1994; Phan et al., 1994) . Such conditions are most usually met when the interplanetary field has a northward component and plasma pile up occurs at the magnetopause. At a location in the flanks of the magnetosheath, where the plasma velocity is a significant fraction of the upstream solar wind velocity and has a direction that is close to parallel to the magnetopause surface, EMIC waves are less likely to be found. Mirror structures, however, are found to be very common in this region (Lucek et al., 1999) . Single spacecraft measurements can be used to calculate the scale sizes of mirror structures along the flow direction, if the flow velocity is known, but are not sufficient to determine the scale size and orientation in three dimensions. Dual spacecraft observations provide more information, but still leave some ambiguities in establishing the characteristics of these features (Fazakerley and Southwood, 1994a,b; Hubert et al., 1998; Tátrallyay and Erdös, 2000) . In principle, simultaneous four-point measurements can be used to determine mirror mode size and scale in three dimensions, as well as any dependence of these properties on other parameters, such as magnetosheath flow velocity and magnetic field orientation relative to the flow. The separation of the spacecraft relative to the scale size of the structures is important, however, with the exception of two satellites separated along the flow direction. If two spacecraft see completely different features, then this implies that the scale size along the spacecraft separation vector is smaller than the spacecraft separation magnitude, but the exact value cannot be deduced. If a spacecraft pair see identical features, then it is implied that the scale length in that direction is significantly longer than the spacecraft separation, but again the value cannot be calculated. Most information is gained when a spacecraft pair sees similar, but not identical signatures. Under these conditions, when the scale along the spacecraft separation vector on which variations in the structures occur is of the order of the separation magnitude, then comparison of the signatures at the two satellites can be used to make an estimate of the gradient of the magnetic field change. Therefore, in order to build up a complete picture, observations made with different tetrahedron sizes and orientations are needed.
In this paper, we identify an interval when the magnetic field signatures are consistent with mirror-mode structures. During this time, the tetrahedron configuration was such that pairs of spacecraft had separation vectors approximately aligned with three key directions: the direction of maximum variance of the magnetic field fluctuations, which is close to the background magnetic field direction and, in this case, predominantly in the Z GSE direction; the direction of minimum variance, which is close to the estimated magnetopause normal direction; and the intermediate variance direction, which, in this case, is likely to be approximately aligned with the magnetosheath flow vector. We present an analysis of the scale lengths in each of these directions. Figure 1 shows an overview of the magnetosheath data recorded by Cluster 4 on 10 November 2000. The panels show the magnetic field elevation angle, the magnetic field longitude angle, and three components, all in GSE coordinates, and the magnetic field magnitude. The angles are shown in units of degrees, and the field components and magnitude are in nT. Data at a resolution of one vector per spacecraft spin are shown. Two main intervals of compressional wave activity occur, between ∼ 01:30 and ∼ 03:30 UT, and between ∼ 06:50 and 08:55 UT. These intervals are separated by several magnetopause encounters (Dunlop et al., 2001, this issue) . The final crossing in this set, at ∼ 06:20 UT, was caused by a large change in upstream solar wind conditions, observed by Wind at approximately (83.5 R E , −86.5 R E , 7.0 R E ) GSE, when the solar wind velocity increased from 640 to 870 km/s at 06:20 UT with an associated density rise, causing a significant pulse in solar wind ram pressure. We identify the magnetic field signatures during these intervals as consistent with mirrormode structures. They are strongly compressive and close to linearly polarised, with a maximum variance direction that lies within ∼ 20 • of the background magnetic field direction. The minimum variance direction lies within 10-25 • of the local magnetopause normal, estimated as described by Dunlop et al. (2001, this issue) , suggesting that the structures lie in a plane approximately parallel to the magnetopause boundary. Therefore, although we are unable to make a definitive mode identification, we assume that these signatures are mirror-mode structures. The typical duration of the mirror structures observed on this day is only 2-3 s, which we ascribe to the high upstream solar wind velocity, and the location of the spacecraft on the dusk flank, where the magnetosheath plasma has been accelerated to a significant fraction of the solar wind speed. Since the duration of each mirror drop out is so short, we use the magnetic field data at 22 vectors/second, calibrated as described by Balogh et al. (2001, this issue) , for the analysis presented in the following sections. Figure 2 shows the configuration of the Cluster satellites between 00:00 and 11:00 UT on 20 November 2000, which covers the period in which mirror structures were observed. Panel (a) shows the spacecraft separation projected onto the X − Y GSE plane and panel (b) plots the orbit projected onto the Y −Z GSE plane. The dashed line indicates the location of a Sibeck model magnetopause (Sibeck et al., 1991) , with input parameters appropriate for the upstream solar wind conditions, which is included for reference. The orbit of one spacecraft (Cluster 3) is shown in each plot, with hourly markers plotted as dots on the orbit. The dotted portion of this line indicates when the third component in each case is negative, and the solid portion of the line indicates that the third component is positive. For example, in Fig. 2a , the tetrahedron is below the X − Z GSE plane, i.e. with negative Z GSE throughout. The asterisk indicates the start of the interval. The tetrahedron, expanded by a factor 10 relative to the reference orbit, is shown every four hours with black, red, green and magenta representing spacecraft 1, 2, 3 and 4, respectively.
Correlation of signatures between different spacecraft pairs
In this paper, we first present the analysis of mirror structures seen during one minute (08:23-08:24 UT) on 10 November 2000. These mirror structures are representative of an hour of mirror activity which was bounded by magnetopause encounters. We then consider a second interval containing mirror structures, from the previous minute of data acquisition which, while less typical, demonstrates a further property of these mirror-mode observations. 2.1 Interval 1: 08:23-08:24 UT Figure 3 shows a short interval of mirror activity observed between 08:23 and 08:24 UT on 10 November 2000. The format of the panels is the same as in Fig. 1 , but here the data from all four spacecraft are plotted, with black, red, green and magenta used to represent data from spacecraft 1, 2, 3 and 4, respectively. Although there are obvious differences between some spacecraft pairs, the power spectra of the magnetic field magnitudes are statistically similar within errors. Figure 4 shows the power spectra of the magnetic field components in the maximum variance directions, calculated using a multi-taper method (Percival and Walden, 1993) , observed by the 4 spacecraft during two minutes of mirror activity. The same colour convention is used. The blue trace shows the power spectrum of the intermediate variance component from Cluster 3 in order to demonstrate that the power is predominantly in compressional, with linearly polarised fluctuations. The power spectra of the intermediate variance components at the other spacecraft are similar. Two minutes of data are used in order to resolve better the low end of the frequency spectrum. The traces from the four spacecraft are similar within statistical errors, indicated by the 90% confi- dence level shown on the bottom left of the plot. Each power spectrum of the maximum variance component has the same form, with approximately equal power as a function of frequency at the lowest frequencies (although the trace for Cluster 4 has a suggestion of a broad enhancement at ∼ 0.15 Hz) with a break in the spectrum between 0.3-0.4 Hz, after which the power falls off as frequency increases. There is significantly lower power in the intermediate variance component at Cluster 3, and at each of the other spacecraft (not shown). The position of the break point corresponds to the scale of the shortest mirror structure, of ∼ 2-3 s, and is at a significantly lower frequency than the local proton gyro-frequency, shown on Fig. 4 as a vertical dashed line. From Fig. 4 it can be seen that the break in the power spectrum occurs at the same place for each of the traces, and that the power levels are the same within the 90% confidence limit. Therefore although the particular structures may be different, the sets of mirror structures observed by the four satellites are statistically similar. From the orbital configuration at 08:00 UT (the last expanded tetrahedron shown on the orbit segment in Fig. 2) , it can be seen that the position vectors of Cluster 1 (black) and 4 (magenta) relative to Cluster 3 (green) lie approximately parallel to the nominal magnetopause in the X −Y GSE plane, but that Cluster 1 is at a similar Z location, while Cluster 4 is at a significantly lower position in Z. Cluster 2 (red) lies significantly further from the magnetopause, deeper in the magnetosheath, at a distance of ∼ 660-700 km along the magnetopause normal from satellites 1 and 3. The magnetic field at this time is only 11 − 13 • from the Z GSE direction, and so Cluster 1 and Cluster 4 are likely to lie close to the same field line since they are very close in the X − Y GSE plane with a large separation in Z GSE (Fig. 2b) . Figure 5 shows a comparison of the magnetic field magnitudes observed at the different spacecraft. Cluster 3 is used as the reference spacecraft for three of the panels, but a comparison of Cluster 1 and 4 is also shown because their relative position vector is likely to be nearly parallel to the average magnetic field direction. The top panel shows the magnetic field magnitude observed at spacecraft 3 (in green) and at spacecraft 1 (in black). From this panel, it is clear that there is an extremely good correlation between the two satellites throughout the interval, and both satellites sample essentially the same structures. This is also clear from the top panel of Fig. 6 , which shows the same data when the trace from Cluster 1 has been shifted by 0.61 s. Figure 7 shows the crosscorrelation function between these two data sets in the black trace. The cross-correlation coefficient has a peak value of 0.98, and a time lag of 0.61 s using 1346 data points.
From the orbit plots it can be seen that the separation vector between Cluster 1 and Cluster 3 lies approximately parallel to the magnetopause boundary in the X − Y GSE plane, while there is little separation in Z. Although we do not have measurements of the magnetosheath flow velocity vector on this day, it is likely that it lies close to the Cluster 1 -Cluster 3 spacecraft separation vector. Variance analysis of the mirror structures shows that the Cluster 1 -Cluster 3 separation vector also lies within ∼ 15 • of the intermediate variance direction. During this interval, the spacecraft separation along the X − Y GSE plane was ∼ 490 km, and so the velocity along this separation vector is ∼ 815 km/s. At this location in the magnetosheath, so far in the dusk flank, we expect the magnetosheath velocity to have been accelerated back to a significant fraction of the solar wind velocity in this region. The estimate of the magnetosheath velocity is consistent, therefore, with the solar wind velocity of 870 km/s observed by Wind, lying upstream. Using the estimated magnetosheath velocity implies that the scale size of the mirror structures in the flow direction, which is likely to be close to the intermediate variance direction, is of the order of 1500-3000 km, which is significantly larger than the spacecraft separation. This estimate assumes that the velocity is entirely along the Cluster 1 -Cluster 3 separation vector, but the excellent correlation between the signatures at the two spacecraft suggests that the two velocity components perpendicular to the separation vector are likely to be small relative to the velocity magnitude. Figure 8 shows the scatter plot of the two data sets, with the lag of 0.61 s applied. There is clearly a very high correlation, but although the extrema show little scatter, the intermediate magnetic field values show more scatter. This arises from very small changes in the delay between the two satellites, which has the largest effect when the gradient of the field is large. If higher frequency waves were superimposed on the mirror structures, then the relative movement between such waves and the mirror structures would cause greater scatter at the extrema.
The second panel of Fig. 5 shows the magnetic field magnitude seen by Cluster 3 (in green) and that measured by Cluster 4 (in magenta). Comparison with the top panel shows that the correlation is significantly lower, with the satellites apparently sampling different structures in some regions as a result of their different locations, while observing similar structures in others. The cross-correlation function be- tween these two traces is shown in Fig. 7 by the solid magenta line. Here, the peak correlation coefficient is lower (0.54) at a longer lag of 1.8 s, calculated using 1346 data points. The plots of the Cluster tetrahedron orbit in Fig. 2 show that this spacecraft pair has a very similar separation vector in the X − Y GSE plane as Cluster 1 and 3, but that they have a significantly larger separation in Z. Comparison of the spacecraft separation vector with the maximum variance direction of the mirror structures shows that the mirror structures lie at ∼ 40 • to the vector separating Cluster 3 and Cluster 4. Assuming that the same structures are observed by Cluster 3 and Cluster 4, and that the structures are elongated along the maximum variance direction, Cluster 4 passes through each mirror structure at a location separated by approximately 500 km along the maximum variance direction from the Cluster 3 crossing location. Although the magnetosheath velocity vector is not known, assuming that the plasma velocity is close to the convection velocity measured between Cluster 1 and Cluster 3, an expected time delay occurs between the signatures at Cluster 4 and Cluster 3 which is ∼ 0.6 s, significantly shorter than the observed delay. A more precise comparison is not possible without direct measurement of the magnetosheath velocity vector. The second panel of Fig. 6 shows the two data sets where the magnetic field measured by Cluster 4 has been shifted by 1.8 s. From this plot, it can be seen that when the two satellites appear to observe the same structures, the time delay is not as stable in this case as for the previous case. The bottom panel of Fig. 6 shows that a similar situation is observed when data from Cluster 1 and Cluster 4 are compared. These spacecraft lie almost vertically one above the other, but still show a significant time delay at the peak correlation (shown in the dotted magenta line in Fig. 7) . Since Cluster 1 and Cluster 3 observe the same structures with little or no evolution during the time taken for the structures to convect from one to the other, the difference in the signatures observed by Cluster 1 and 4 (and Cluster 3 and 4) is likely to indicate a spatial variation rather than a temporal one. The lower level of correlation and the variable time delay might reflect changes in the size and form of the mirror structures along the maximum variance direction. There might also be a contribution to the lower correlation level from the two spacecraft occasionally observing different structures. If a spacecraft separation vector were to lie parallel to the maximum variance direction, then a good correlation at near zero lag should be observed. One such example has been found which will be discussed in the next section.
The third panel in Fig. 5 shows the magnetic field magnitudes measured by Cluster 2 (red) and 3 (green). Here, there is a low correlation between the two signals, and the red trace in Fig. 7 shows that the peak correlation coefficient is less than 0.25. Any impression of anti-correlation between the traces is likely to arise from the statistically similar nature of the data, and is not evident in the cross-correlation function. There are occasions when the data from the two spacecraft are similar, but it is not clear whether these similarities occur by chance, or whether they represent real, but rare occasions when the same feature is seen at both spacecraft. The orbit plot shows that the two spacecraft have approximately the same Z coordinate, but that they have a separation of about 660 km projected along the magnetopause normal (derived from Dunlop et al. (2001, this issue) ) and that Cluster 2 is situated deeper in the magnetosheath than Cluster 3 or the other spacecraft. It appears, therefore, that the largest variation in mirror structure characteristics occurs along the magnetopause normal, and that the scale length in this direction is generally smaller than the spacecraft separation of ∼ 660 km.
2.2 Interval 2: 08:22-08:23 UT Figure 9 shows the data recorded between 08:22 and 08:23 UT, a minute earlier than the data discussed in the previous section. The format of Fig. 9 is the same as Figs. 5 and 6, and Fig. 10 shows the equivalent set of correlation functions as shown in Fig. 7 . In this case, the maximum variance direction of the mirror structures is within only ∼ 5 • of the mean field direction, and is also closer to the Z GSE direction. Again, there is an excellent correlation between Cluster 1 and Cluster 3, with a delay of 0.66 s, which is consistent with a velocity of about 815 km/s. In this case, however, Cluster 4 and Cluster 3 show very well correlated signatures, with a delay of 0.48 seconds which is consistent with the same velocity, assuming that the structures are closely aligned with the maximum variance direction, which, in this case, lies within 27 • of the Cluster 3 -Cluster 4 separation vector.
Cluster 1 and Cluster 4, which lie almost vertically above one another at the same X − Y location, now show a well correlated signature with a shorter delay, also consistent with the structure being aligned with the maximum variance direction, which is within 3 • of the mean magnetic field direction and 18 • of the spacecraft separation vector. Although satellites 1 and 4 see the same structures, variations are seen between the depths of the mirror structures at Cluster 1 and 4, which have a separation along the maximum variance direction of about 750 km. This variation is not seen when comparing Cluster 1 and Cluster 3, which have a separation vector which is nearly at 90 • to the maximum variance direction. Once again, Cluster 2 and Cluster 3, which have a separation along the magnetopause normal of ∼ 660 km, do not observed the same structures, and in this case, the maximum correlation coefficient is even lower than in the previous example.
Discussion
We have demonstrated the potential of simultaneous fourpoint measurements using very simple analysis methods applied to 2 short intervals of mirror activity. The results suggest that within these mirror structures, the correlation length along the flow direction is of the order of 1500-3000 km. The scale of the mirror structures is smallest along the estimated magnetopause normal in both examples, which is within 10-25 • of the minimum variance direction, and is approximately perpendicular to both the mirror structure maximum variance direction (close to the background magnetic field vector) and the flow direction. No correlation is observed between spacecraft separated by approximately 660 km along this direction. In the direction along the maximum variance direction, variations between spacecraft are observed on scales of ∼ 750 km. The delay between observations at different spacecraft pairs during interval 2 (08:22-08:23 UT) appears to be consistent with that expected for structures elongated along the maximum variance direction, but significant discrepancies appear to exist in the delays found in interval 1 (08:23-08:24 UT). It is not clear what causes this effect, although it might arise from the mirror structures having different orientations between the two intervals. One observed difference between the two intervals is that during interval 2, Cluster 1, 3, and 4 have much smaller separations along the minimum variance direction than during interval 1. The level of correlation, therefore, might arise from a periodicity in the mirror structure field (e.g. Fazakerley and Southwood, 1994a,b; Tátrallyay and Erdös, 2000) , where the spacecraft sample different, but statistically related structures. We note, however, that direct measurements of the magnetosheath flow velocity are necessary in order to explore this further.
Our results are in agreement with previous observations (e.g. Fazakerley and Southwood, 1994b; Hubert et al., 1998) which showed that the mirror structures were elongated approximately along the background magnetic field direction. Fazakerley and Southwood (1994b) showed that the scale transverse to the structure was of the order of 1000-3000 km, which is consistent with our measurement of the scale along the flow direction, but they note that this estimate might have contributions from two different scales perpendicular to the maximum variance direction, depending on how the spacecraft sampled the structures. Hubert et al. (1998) showed that the shortest scale was approximately along the magnetopause normal, consistent with our results, but their estimate of this scale length was ∼ 1300-1900 km, which is significantly longer than our upper limit of ∼ 660 km. Hubert et al. (1998) found that the longest scale length, approximately along the background field direction, exceeded ∼ 3000 km. This is not inconsistent with our observations of changes in the signatures between spacecraft separated by ∼ 750 km along the maximum variance direction (∼ parallel to the background magnetic field direction), since this implies that the extent of the structures in this direction is significantly larger than the spacecraft separation. Hubert et al. (1998) found an intermediate scale exceeding ∼ 2500 km which is larger than our observation of a scale of ∼ 1500-3000 km approximately along the flow direction which, is in this case, is nearly perpendicular to both the background magnetic field and the estimated magnetopause normal.
From just two intervals, the tetrahedral configuration does not change sufficiently to make a full study of the mirror structure size and orientation. Examination of further ex-amples where the magnetic field has a different orientation is essential to confirm which directions provide the best order for the observations. A statistical study of many intervals with different spacecraft separations and configurations relative to the flow and magnetic field directions can, in principle, be used to calculate the correlation lengths of the structures along each direction. A further consideration is the possible dependence of the mirror structure scale size on the magnetosheath flow velocity, which should be taken into account in such a study. If mirror structure scale sizes in at least two directions are of the order of the spacecraft separation, then methods such as normal fitting and time delay analysis for velocity calculations (e.g. Schwartz, 1998 ) must be applied with caution, since the structures might show significant curvature on the spacecraft separation scales.
